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ABSTRACT

SIMULATION AND MIXED INTEGER LINEAR PROGRAMMING MODELS

FOR ANALYSIS OF SEMI-AUTOMATED MAIL PROCESSING
by
STEVEN DOUGLAS WERT, B.S.
SUPERVISING PROFESSORS: JONATHAN F. BARD AND THOMAS A. FEO

\_,_;)Over the last decade, much attention has been focused
on éhe development of automated letter mail processing
systems for postal sorting. Optical character readers and
bar-code sorters have begun to augment mechanized processing
that has been in use since the mid-1960s. Continuing
automated mail processing programs are aimed at minimizing
growth in labor costs, which at $30.5 billion accounted for
83 percent of the total United States Postal Service (USPS)
operating costs in fiscal year 1988. Simulation and mixed
integer linear programming (MILP) models are developed in
this thesis with the objective of assisting postal managers
in designing automated systems for the general mail

facilities (GMFs) of the USPS. -7
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) The simulation model utilizes a probabilistic
structure to channel processed mail between stations.
Processing equipment and associated personnel are modelled
as resources. The arrival process can accurately model
daily input mail profiles and variability, as well as
seasonal loads and secular trends such as changes in mail
address quality. Such a detailed probabilistic model
provides a realistic test of proposed equipment selections
and resource schedules for strategic planning and operations
management.

A simulation model of a specific medium-sized GMF is

e e

constructed using the SLAMII simulation 1anguage[f A S
feasible resource schedule is determined by iterative
simulation and this baseline is compared with various "what

if" scenarios. The simulation approach is shown to be
successful in modelling and evaluating a proposed GMF
automation configuration which includes automatically
sequencing each carrier's letter mail in delivery order.
Nationwide implementation of automatic sequencing has been
estimated at a potential annual savings in excess of six
billion dollars.

The baseline model results are compared with those

from scenarios in which mail volume and address readability
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are varied from their nominal levels. The simulation
results clearly demonstrate the processing system's
sensitivity to relatively modest changes in mail volume and
mail type profiles. The effects of altering between-station
handling and transport times are also investigated. Certain
of these results underscore the need to address changes such
as inter-process material handling times from a systems
model approach.

Formulations of MILP models to optimize the equipment
selection and resource schedules for letter mail sorting are
also presented. Such deterministic models are proposed as a
tool for identifying the types, numbers, and schedules for
automated equipment in order to minimize acquisition,
operation, and maintenance costs over a postulated operating
period. The GMF letter mail processing system can be
modelled as a large multistage network where mail is
processed during each period and forwarded to the next
machine or is retained in inventory.

These general MILP formulations are the basis for
generating the systems of constraints and testing the
tractability of the models. Experience with solving linear
programming relaxations of the MILPs indicates that these

multistage networks are solvable, but exhibit degeneracy.
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Since implicit enumeration for solution of the MILPs using
simplex-based methods could be costly, the postal GMF models
are good candidates for solution using an interior point
method. A discussion of possible extended capabilities of

the MILP models is included.
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Chapter 1. Introduction

Only twenty-five years ago, the United States Postal
Department's inveterate mail processing operations had not
changed much from eye-shaded clerks hand-sorting letters
into pigeonhole racks. As a consequence, over one percent
of the national labor force was employed by the Postal
Department in 1967 (Tierney, 1981). 1In the years following
the establishment of the United States Postal Service
(USPS), mechanization and consolidation of operations have
become the keys to major gains in efficiency. By
automating, the USPS sought to take advantage of the huge
economies of scale. A brief background of the USPS
automation developments and mail processing at central
postal facilities is provided here for historical
perspective. A discussion of the interesting problems
expounded by the need to implement automated technologies

effectively and efficiently follows in Chapter 2.

1.1 Background
Since the early 1970s, a major objective of the USPS
has been to achieve complete fiscal self-sufficiency. 1In

fact, the USPS can be considered to be a huge corporation




owned by the federal government and chartered by Congress.
Granted relative autonomy by the Postal Reorganization Act
(PRA) in 1971, the USPS has been gradually weaned from
federal subsidies. Yet, public perception aside, mail
postage has paced the Consumer Price Index (CPI). First
class mail bears the greatest percentage of the USPS
institutional costs (Sherman 1980), but its average annual
cost inflation has been about 7.4 percent from 1973 to 1989.
The CPI rate has averaged 6.74 percent over the same period.
At the same time, overall mail volume has been growing at a
staggering rate.

In the fiscal year ending September 1988 over 160
billion pieces of mail were delivered, up 59 percent since
1978 (USPS 1989). The annual volume is expected to exceed
240 billion pieces by the end of this century (ELSAG, 1986).
The burgeoning mail volume, coupled with more and more
delivery points each year, has challenged the USPS to
rapidly implement new automation technologies to limit cost
increases.

In the face of expanding requirements, most USPS cost
containment strategies can be tied to limiting labor force
growth. In 1988, the annual $30.5 billion labor costs

represented over 83 percent of the total USPS operating




expenses (USPS 1989). The USPS is currently the nation's
largest civilian employer at roughly 760,000 employees, but
the USPS labor force has remained relatively constant
(around 700,000) since 1967 (Tierney 1981). Obviously, mail
handling efficiency has significantly increased.

The USPS management strategies to achieve self-
sufficiency are subject to Congress, powerful special
interest groups, postal unions, and sometimes public outcry.
For example, the USPS is obliged to maintain relatively
inefficient rural offices which "lose money" (Tierney 1981)
and continue door-to-door or curb-delivery routes
(Congressional Hearing, July 1985), when there are obviously
more efficient alternatives which could provide comparable
service. In this constrained managerial environment, much
of the relative success in becoming self-supporting must be
attributed to automation programs for mail processing
operations, primarily at the USPS general mail facilities
(GMFs) .

The GMF is a processing and distribution center which
receives stamped and metered mail from the local area
(referred to as originating mail) and mail from other
distant GMFs (called destinating mail). From the GMF,

sorted destinating mail is sent to local delivery units.




Processed originating mail is dispatched to other
destinating GMFs. While automation is also being developed
for the sorting of flat mail and parcels, the focus of this

effort is on letter mail processing.

1.2 Current USPS Automation Programs

As late as the mid-1960s, most of the nation's mail
was sorted by hand. During this period, the Postal
Department had developed and implemented what is known as
mechanized equipment. These machines mechanized portions of
the sorting process by automating the channeling of letters
to separate bins or stackers. This represented a
significant advance in efficiency over manual sorting, but
the USPS still relied on skilled operators to recognize the
address field on each letter and key a code sequence at
consoles. Much of the mechanized equipment is still in
operation in GMFs today.

This mechanization relied on mailers to provide the
Zone Improvement Plan (ZIP) code. The original five-digit
ZIP code program was initiated in 1963 (Tierney 1981), and
the ZIP is still the primary code used for mechanized
processing. In 1978, the USPS announced a program to expand

the five-digit code to nine digits. Known as ZIP+4, the
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program was delayed by Congress until 1983. While the five-
digit ZIP code identifies the destination of a letter to the
delivery area of a local post office, the ZIP+4 identifies
the destination to a block face (roughly one side of a city
block, a building in the case of apartments, or a firm).

The USPS widely advertised the ZIP+4 program and offered
incentives for its use, but compliance fell far short of
established goals (Congressional Hearing, October 1987).
The nine-digit ZIP code concept is important in the

implementation of automated mail processing in the GMFs.

The cornerstones of the latest automation programs are
the optical character reader (OCR) and the bar-code sorter
(BCS). The original single-line OCR machines were procured
in 1981 (Congressional Hearing, April 1986) and operated as
shown in Figure 1. A% a net throughput rate of about 27,500
letters/hour (assuming 65 percent efficiency) these machines
read the last line of a machine-printed address field,
access a regional directory, and spray a bar-code on each
letter. The bar-code or POSTNET code is related to the ZIP
code. Letters are then channeled to separate bins depending
on their POSTNET code. This single-pass sorting process
requires a total of two operators to feed letter mail into

the OCR and to empty the bins as they become full.
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The USPS is currently upgrading its inventory of
automated sorting equipment by converting single-line OCR
machines to multi-line OCRs (MLOCRs). These upgraded
machines have access to a larger regional directory of
addresses and are capable of reading the complete address
field on machine-printed mail. Most mail processed on an
MLOCR is sprayed with a bar-code corresponding to the nine-
digit ZIP code. Some mail, destinating through another
distant GMF, is only five-digit bar-coded, depending on the
extent of the MLOCR's regional address directory. A limited
amount of handwritten addresses can also be read by the
OCRs. Current USPS development efforts are aimed at
implementing pattern recognition for certain handwritten
address fields and building a national address directory so
that virtually all mail can be bar-coded to nine digits at
the originating GMF. Currently, a national directory with
ZIP+4 level of detail is available at a few GMFs.

The bar-code sorter (BCS) is capable of reading the
POSTNET code (much like a bar-code scanner at a grocery
store) and sorting letters to separate bins. A BCS
processes mail at roughly the same rate as an OCR. Because
the degree of separation at the OCRs is limited by the

number of OCR bins (typically 44 or 60), the BCS can be used




following an OCR to provide a secondary sort on local
destinating or dispatch mail. In fact, mail bar-coded to
nine digits at an originating GMF can be directly passed
through a BCS at the destinating GMF. Therefore, with a
national address directory for all MLOCR machines, all OCR-
machinable mail can be completely bar-coded in a single pass
at the originating GMF and directly sorted by a BCS at the

destinating GMF.

1.3 Automated Processing at the GMF

Throughout the 1970s, before the advent of OCR and BCS
machines, all physically machinable letter mail was
processed by a multi-position letter sorting machine
(MPLSM). All other letters were sorted manually. While the
mechanized MPLSMs were more efficient than manual sorting,
they earned a reputation for a high error rate (Tierney,
1981). And while productivity was increased, the MPLSM was
still quite labor-intensive, requiring a total of 17
operators and mail handlers to achieve the nominal
processing rate of 34,600 letters per hour (USPS Publication
150, 1988). The MPLSMs are still in use today, but are
expected to be displaced by the more efficient automated

equipment.
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Effectively implementing automation in the postal GMFs
presents an interesting and challenging problem. In FY88,
34 percent of all letter mail was processed on automated
equipment (USPS, 1989). The remaining mail, which was
either not machinable or not OCR-readable, required manual
or mechanized processing. Currently, GMFs must incorporate
the new automated technologies while meeting the remaining
requirements for mechanized and manual processing. A
simplified diagram of the flow through the sorting processes
in an automated GMF of today is shown in Figure 2.

In this system, all physically machinable, machine-
printed letter mail is passed through the OCRs. Some
outgoing mail (destinating at another GMF) is sorted
sufficiently at the OCR and can be sent directly to the
destinating GMF. The remaining OCR output requires a
secondary pass through a BCS. Local mail is sent directly
to the local delivery units and outgoing mail is sent to the
destinating GMFs. Machinable mail which the OCR cannot read
must now be processed using the MPLSMs. Mechanized rejects
and nonmachinable mail are processed manually.

As Figure 2 indicates, the MPLSMs still play a
significant role in letter mail processing. The estimated

sorting costs for letter mail processed on automated
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11
equipment is about 0.3 cents per piece. This is compared
with a cost of 1.5 cents per piece for mail processed on
mechanized equipment and 3.3 cents per piece for manual mail
sorting (USPS, 1989). The USPS hopes to bar-code virtually
all letter mail by 1995 (USPS, 1989). Even with the new
MLOCRs fully deployed in 1990, other new equipment may be
required in order for the USPS to reach that goal. The
following two proposed machines are included in the system
we have modelled.

The facer-canceller enricher (FCE) is a potential
option for processing stamped collection mail. The FCE
would serve the same purpose as the existing facer-canceller
in finding and cancelling the stamp on each letter, while
facing the letters in one direction (based on the stamp
location). 1In addition, the proposed FCE would also be
capable of separating out most of the script-addressed
letters which the OCRs cannot read. This mail would be sent
to the MPLSMs or manual processing. While the FCE is often
considered part of proposed future mail processing systems,
stamped letter mail may simply be run through the MLOCRs
instead. Whether the FCE is economically attractive in the
GMF is an interesting equipment selection problem of the

type discussed in Chapter 9.
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To meet its automated processing goal, the USPS must
also develop equipment to bar-code mechanized mail which the
OCRs cannot read. These machines, under development at the
time this analysis was conducted, are known as remote video
encoding systems (RVES). All machinable letter mail which
the OCR cannot read would be processed through the RVES. 1In
RVES sorting, each letter is tagged with an identifier code
and an image of the address field is stored (USPS, 1988).
The stored information is sent to an internal image
processing unit or remote video terminal operators for key
entry of an extraction code. The entered code is then
stored in temporary memory linked with the identifier code
for each letter. As the mail piece reaches the sorting
stage, its identifier is matched with the POSTNET code in
memory and the letter is sprayed with the delivery point
bar-code. The letter is then immediately sorted to bins
behind the RVES.

The RVES is considered mechanized equipment because
its operation would be dependent on operator recognition of
the address field. However, the error rate on the RVES is
expected to be much lower than that of the MPLSM. Because
the RVES's operation is asynchronous, the terminal operators

will have more flexibility in response time for each letter.




13
It is the RVES (or a similar system) which will enable the
USPS to achieve high levels of automated flow since the mail
stream leaving the RVES is bar-coded. As the image
processing becomes more effective, the dependence on
operator recognition will be curtailed. While the RVES is
still developmental, an Italian firm (ELSAG) has conceived a
similar system (without the automated image processing
capability) called a video coding desk (VCD). The VCD's
operating parameters are used to represent the RVES in our

models.

1.4 Delivery Sequencing Concept

In the past, mail had been sorted by five-digit ZIP
code to the local delivery unit. More recently, the ZIP+4
code has been used to sort mail to carrier route. However,
the nine-digit code contains more information than merely
carrier route. Using the ZIP+4 code and finer levels of
automated sortation, mail can be prepared in a more ordered
fashion prior to dispatch to the delivery carrier. Further
efforts in this area are extremely attractive due to the
large target of opportunity in reducing carrier labor costs.
Delivery carriers comprised 36 percent of the USPS work

force for FY88 and spend 25 to 45 percent of their daily
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work time sequencing route mail to walk order prior to
starting their deliveries. Efforts to reduce carrier-in-
office activities (sequencing) are directly aimed at a
potential multi-billion dollar annual cost reduction.

Currently, automated sorting to carrier route has had
no impact on carrier-in-office activity. The further
extension of the POSTNET code where necessary to 1l digits,
either as a ZIP+6 or a different internal delivery point
recognition code, has been proposed. With the additional
two digits, the bar code would identify mail piece
destination to a specific address and could be used to
facilitate automated mail sequencing to carrier route walk
order. This automated sequencing would réquire multiple
passes through improved BCS machines with an expanded number
of bins.

The delivery point code could be implemented at the
GMFs and would not depend on mailers to address letters with
a nine-digit or 11-digit ZIP code. Nationwide
implementation of such a sequencing configuration has been
estimated at a potential annual cost savings of $6.85
billion (ELSAG 1986). This simulation and mathematical
programming modelling effort examines the operational

scheduling of equipment in a proposed automated GMF
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processing configuration which includes FCEs, RVESs, and the

delivery sequencing concept.




Chapter 2. Implementing Automation

Automated technologies may be the most important
factor in the continued progress by the USPS in curbing cost
growth. However, analyzing and implementing these new
technologies on such a vast scale has created a need for
sophisticated tools for postal managers. Simulation and
mixed integer linear programming (MILP) models are proposed
as comprehensive approaches for improving automated
equipment selection and scheduling, and for exploring

possible scenarios for future operatioms.

2.1 General Applications

The USPS general mail facilities are confronted with a
variety of both strategic planning and operations management
problems which are good applications for simulation and MILP
modelling. The expense of the automated equipment and the
huge economies of scale make equipment selection and
operational resource scheduling important. A single MLOCR
is priced at about $650,000 and the RVES cost may exceed
$700,000. USPS equipment acquisition decisions apply to
over 100 GMFs nationwide. At the projected 240 billion

pleces per year, small per piece reductions in operating

16
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costs become significant. However, effective and efficient
resource level, selection strategy, and scheduling at GMFs
are problematic.

Mail processing at a GMF is more complex than
indicated in Figure 2. In general, letter mail differs by:

(L) type (collection stamped, collection metered,

managed mail, etc.)

(2) class (preferential, non-preferential)

3) physical size (machinable or non-machinable)

4) quality of address (machine-printed,

handwritten, windowed envelopes)

(5) rate category (presort, bulk, incentive

discounts)

(6) degree of processing (originating, partial bar-

coded, completed bar-code)
Additionally, all automated and mechanized machines have
rejection rates and form side streams of mail which must be
processed at a lower level of automation. And letter mail
processing is just part of the operation in the GMF.

In addition to the complexity of the core processing
system, problem formulation requires estimated costs for the
future labor force and for equipment still in development.
Input mail volumes and profiles vary daily, weekly, and
seasonally. Secular trends of volume growth by mail
category depend on both USPS automation programs and outside

technological developments (such as electronic mail and

networking). Postal managers must also understand and
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anticipate various political and institutional constraints,
as well as labor force and ergonomic considerations. These
uncertainties and constraints, and the high level of risk
involved, emphasize the need for comprehensive models for
assisting the decision-making in resource selection and
scheduling.

Heuristic methods have traditionally been applied to
USPS equipment selection problems. Operational scheduling
is widely accomplished using spreadsheet methods. These
approaches may be adequate for approximate results, but
cannot address the dynamic interaction of random mail stream
arrivals at processing equipment. The representation of
such probabilistic and dynamic interactions in a processing
network are the major strengths of simulation.

Recent simulation models for facility design and
control problems have been constructed by Kiran, Schloffer,
and Hawkins (1989) and by Fan and Sackett (1988). Work by
Pulat and Pulat (1989) employed simulation as the primary
method of investigating throughput of an automated
electrical and electronics manufacturing handling system.
Taha and Goforth (1988) provide a sketchy description of a
simulation of a postal sectional center facility using

SIMNET and SLAMII.
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From a process view perspective, simulation permits a
modular block approach to formulating the complex mail
sorting network., Input mail volumes and arrivals can follow
a range of probability distributions to address various
scenarios. Discrete event capabilities enable the modelling
of variable system details and the collection of
comprehensive system statistics.

Results of the simulation model include statistics on
machine throughput, queue sizes, mail waiting times,
proportions of mail volume not meeting critical sequencing
and dispatch windows, output volumes, and resource
utilizations. Simulation using the SLAMII high-level
language offers straightforward modelling, portability, and
flexibility for modelling different facilities and sort
schemes. While simulation does not guarantee an optimal
solution for some objective function, it provides for more
robust modelling of the arrival process and complex random
interactions of mail being processed through the system.

On the otherhand, our ongoing efforts to develop mixed
intezer linear programming (MILP) formulations are to enable
the optimization of the equipment and processing
configuration selection problem. The proposed MILP

formulations seek to identify the optimal numbers and
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schedules of specified equipment types for a given facility
with known input streams, operating parameters, and critical
dispatch deadlines. The fundamentals of implicit
enumeration for integer linear programming appear in
Nemhauser and Woolsey (1988) and numerous other references.

An example of an integer linear programming model for
an equipment selection problem is provided by Kusiack (1987)
using binary purchase decision variables. The advantages
and disadvantages to binary variable models are discussed in
this document in Chapter 9. Similar work with zero-one
modelling for evaluating manufacturing systems is documented
by Sarin and Chen (1986). A non-linear cost minimization
algorithm with general integer variables has been proposed
and solved by Bard and Feo (to appear 1990). While examples
of similar mixed integer programming problems for different
applications exist, no specific postal processing
applications have been found.

Since the mathematical program does not model the
probabilistic structure of the system and cannot address the
same level of dynamic detail as simulation without becoming
unmanageable, simulation analysis will be employed to test
the operational feasibility of the MILP solution. The

simulation and MILP formulations are separate, but are
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intended to serve as complementary tools to assist in

management decision-making.

2.2 Problem Statement
A GMF letter mail sorting system model was developed
to demonstrate simulation's utility for analyses of postal
processing operations. A proposed operational configuration
for a specific, medium-sized GMF (labelled GMF-A), including
its delivery sequencing processing, was selected. GMF-A is
somewhat representative of the medium-sized GMFs of the USPS
in that all letter mail sorting components are used. Inputs
to the simulation model include mail arrival stream volumes
and profiles, equipment types and availabilities, operator
and mail-handler availabilities, and critical dispatch and
sequencing deadlines. Probabilistic stream separation and
reject proportions for processing at each machine are
specified. The simulation model addresses the questions:
(1) For given numbers, types, and schedules of
processing equipment and operators, can the mail
be sorted in time to meet critical dispatch

times and the sequencing window?

2) How sensitive is the processing schedule to
perturbations in system parameters?
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The first question is within the framework of the
equipment selection problem. The second question addresses
the operations management and planning issues of variations
in arrival stream profiles, mail volumes, secular mail type
distribution trends, equipment efficiency and maintenance
scenarios, and mail handling transfer times between
stations.

The following sections introduce a proposed GMF
processing configuration and the SLAMII network model of the
facility (Chapter 3). SLAMII offers a process modelling
view which can be interfaced with discrete event user-
written FORTRAN subroutines. Chapter 4 describes the
simulation experiment design. Simulation results
demonstrating the model's capabilities are given in Chapter
5. Baseline model results which address question (1) above
are compared with the results from variations in input
values to demonstrate the model's flexibility to address
question (2).

The MILP formulations are aimed at providing an
optimal solution for the equipment selection and schedule.
For given daily mail input volumes and profiles, known
operating characteristics, and specified deadlines, these

deterministic models seek to minimize the total cost of the
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processing system over a ten year period. The resultant
linear programming (LP) relaxations are fairly large
problems which are shown to be solvable using primal and
dual simplex. However, an interior point method of solution
may be justified given the durations experienced in solving
the LP relaxations. Such LP solutions would be required
many times over to achieve the optimum integer solution by
implicit enumeration.

A general overview of the MILP model formulation
approach is given in Chapter 6 along with more detailed
information on the notation and constructs employed. The
development of the system of linear constraints and the
objective function cost factors is providéd in Chapter 7.
Approaches to solution are discussed in Chapter 8 and
include experience with solution of the GMF system models
with the integrality constraints relaxed. Further modelling
capabilities are discussed in Chapter 9. Chapter 10

documents extensions and conclusions drawn from this effort.
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Chapter 3. Simulation Network Model

The proposed GMF-A letter mail sorting configuration
is shown in Figure 3. The major elements in the system are
shown as arcs for the mail streams and as nodes for the
processing stations. There are three main categories of
input mail: (1) local collection, (2) managed mail from
other GMFs, and (3) large mailer presort. This system is an
acyclic processing network which lends itself to process-
oriented simulation. The network model formulation and
user-written FORTRAN event utilities for the GMF-A

simulation model are described in the following sections.

3.1 Network Model Formulation

The diagram in Figure 3 is a simplified view of the
system showing the main mail streams and the equipment
stations. "Local collection mail" is comprised of locally
originating stamped and metered mail, some of which must be
processed manually because of physical size. "Incoming/
managed mail," sometimes called managed mail program (MMP)
letters, originated at some other GMF and should destinate
in the local area. "Large mailer presort" is the business

mail which has been presorted and will destinate in the
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local area. Automated processing at the GMF is separable
into outgoing processing and incoming/turnaround processing,
as emphasized in Figure 3. Outgoing OCRs and BCSs process
the outgoing portion of the local collection mail. Locally
originating collection mail destinating in the local area is
called turnaround mail and is processed by the
incoming/turnaround equipment as are the destinating and
presort mail.

Figure 4 is a more representative of the complexity of
the stream separations as mail is input and processed
through the system. 1In this diagram, the blocks are the
processing stations and the arcs are the transfers of mail
from station to station. For the GMF-A model, 20 input
streams and eight categories of output letter mail are
defined. The formulation of the simulation model requires
the definition of a static framework of queues, servers, and
transfer streams to describe the network structure, as well
as input stream profiles, branching probabilities, and
resource allocations to model the dynamic flow of entities
through the system.

In the SLAMII process view network, entities flow
through the system with certain attributes attached to them

(Pritsker, 1986). In this model, entities are classified as
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either 1000 piece (1 kp) or 500 piece (1 tray) bundles of
letters. The number of letters represented by an entity can
be varied. Three attributes are used:

ATRIB(1) MARKTIME the time the entity entered
the system
ATRIB(2) MAILSTREAM the type of letter mail the
entity represents
ATRIB(3) CURRENT_1ID the current mail stream
identifier
For example, if a tray of local collection stamped mail
entered the system at 330 minutes into the simulation and
was then rejecte by the FCEs, on its way to manual sorting
the entity's attributes would be:
ATRIB(1) = 330
ATRIB(2) = 1 (local collection stamped mail)
ATRIB(3) = 3 (nonenriched FCE reject mail stream)
In order to introduce the SLAMII network elements used in
the model, processing stations Bl (FCEs) and B2 (collection
mail MLOCRs) are described here.

An entity arriving at block 1 for FCE processing must
be local collection stamped mail. Figure 5 shows the
portion of the SLAMII network diagram for modelling this
processing station. An arriving entity will first reach
AWAIT node Bl where it will wait in queue for the next

available RESOURCE (an FCE machine) if none are currently

available. As one RESOURCE becomes available, the entity
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leaves the AWAIT node with the resource committed to it.
The entity passes through an activity of duration reflecting
the processing rate for the FCE (minutes/tray or
minutes/kp). When processing is complete, the single FCE
RESOURCE 1s released at the FREE node for another entity to
use. Several entities can be processed at once if several
machines are committed to this process.

While the entity proceeds to an ASSIGN node (TSl), a
duplicate entity is created by the GOON node. If more than
FCEFULL entities have been processed, the duplicate entity
branches to TS2. Otherwise, the duplicate is destroyed. At
TS1, the counter FCECART, which accounts for the number of
entities processed and awaiting release, is incremented by
one and the entity is passed to another AWAIT node (Gl), to
wait for GATE BlG to be opened. When FCEFULL entities have
been processed, the GATE is opened for a short time by the
duplicate entity allowing all entities in Gl to proceed.
This gate structure simulates the delays involved in filling
a mail cart with processed mail trays and proceeding when
the cart is full.

Once released from Gl, the entities follow a
probabilistic branching according to the given proportions

for the machine. Assumed branching proportions are shown
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explicitly here, but are actually stored in a SLAMII global
variable array. As shown, about 54 percent of the FCE
output is sent to the ASSIGN node AS1l where ATRIB(3) is
changed to 14. It is now labeled as FCE enriched collection
automated mail and is sent to the collection mail MLOCRs
(station 2). The entity's ATRIB(2) does not change. The
other probabilistic branches represent handwritten mail
(ATRIB(3)=152), which is sent to the RVES (39 percent), and
facer rejects (ATRIB(3)=3) sent to manual processing (7
percent).

The FCE is the simplest of the processing stations
because it has only one input stream so the processing rate
and probabilistic branching are independent of the mail type
(the entity's attributes). Figure 6 shows the complexity
involved when there are three input streams and the nine
output streams have probabilistic branching dependent on the
entity's mail type. This is representative of the
collection MLOCR station (block 2).

The MLOCRs receive the collection automated and
collection metered mail, apply the bar-code, and divide the
mail into outgoing streams and destinating (incoming or
turnaround) streams. Some of the outgoing mail is finalized

(i.e. no further processing is needed) at the MLOCRs while
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the remaining volume must complete a secondary pass through

the outgoing BCSs (block 3). Rejects are sent to the

mechanized systems (MPLSM, incoming RVES, or outgoing RVES).

Assigning a numeric code to identify each stream, the input

streams to station 2 are:

Label Stream Description

(14)
(15)
(16)

collection automated
collection metered
collection metered with ZIP+4

Collection MLOCR output streams are:

(19)
(21)
(65)
(66)
(67)
(69)

(73)
(153)

(154)

outgoing secondary to BCS for sorting (block 3)
dispatch outgoing to destinating GMFs

incoming automated to incoming BCS (block 5)
incoming automated rural routes to incoming BCS
(block 5)

outgoing to local ADC for secondary sort

(block 5A)

5-digit coded firms mail secondary sort

(block 5A)

primary rejects to MPLSM (block 13)

partially coded rejects to outgoing RVES

{block 4)

partially coded turnaround rejects to incoming
RVES (block 7)

The input stream dependeni branching proportions can

be shown in matrix form, where the rows are output streams,

the columns are input streams, and the elements are the

transfer probabilities:
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Input Streams

14 15 16
19 17.5 15.4 15.4
21 36.5 32.1 32.1
65 12.0 10.5 11.8
Output 66 2.7 2.4 2.4
Streams 67 0.7 0.6 0.6
69 0.5 0.5 0.5
73 3.8 3.4 3.4
153 23.3 32.5 32.5
155 3.0 2.6 1.3
100.0 100.0 100.0

Based on these probabilities, 17.5 percent of the enriched
collection automated mail (14) is sent for secondary sort to
the outgoing BCSs (block 3).

The three input mail streams must be separated after
processing and each stream follows probabilistic branching
based on a column of the branching matrix. If these
branching proportions are all placed in the SLAMII global

variable ARRAY(I,J), the model structure is simplified. The
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columns of the ARRAY will be related to the entity's
ATRIB(3) which is the current mail stream of the entity.
Rows of the ARRAY are related to the output streams. Each
element in ARRAY(I,J) is the proportion of the entities with
ATRIB(3) equal I which will be branched to output stream J.
The simulation network can be simplified as shown in Figure
7.

The MLOCR block 2 is more complex than the FCE, but
the processing rate of an OCR is not mail stream dependent.
For the MPLSM and RVES stations where the processing rate is
dependent on the mail type, the streams must be separated
prior to processing.

Constructing the complete network for the GMF
processing model required building small modules for each
machine station (like the diagrams in Figures 4 and 6), and
then ensuring that the transfer activities were connected
correctly. Processing equipment and manual mail handlers
were modelled as resources. The types, numbers, and
schedules of resource availabilities are fully described by
the process view SLAMII network elements. The .cheduling of
resources was accomplished using a series of ACTIVITIES and
ALTER nodes for each resource type. The entire simulation

model could have been accomplished using SLAMII network
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elements. However, there are many advantages to using

SLAM's user-written FORTRAN event capabilities.

3.2 Discrete User-written Event Modelling

The fundamental utility employed here is that discrete
user-coded events can be initiated by entities in the
processing network. This permits the modeller, while
working in the process view, to access SLAM's variables and
functions, and to change the variable values or the state of
the system. In our postal GMF model, user-coded events are
used to:

(1) Initiate SLAMII global variables from local data
files (processing rates, batch sizes, branching
proportion values);

(2) Input arrival stream volumes at intervals to
match arrival profiles;

3 Generate intermediate SLAMII summary reports;

(4) Clear SLAMII statistical arrays; and

(5) Collect detailed resource utilization
statistics.

Figure 8 is a representation of the file structure
used for the GMF model. The SLAMII network model (POST.DAT)
is actually executed as a subroutine (SLAM) by a main
FORTRAN driver (MAIL.FOR). Entity arrivals at EVENT nodes
in the network trigger execution of the EVENT subroutines of

the main program which access the global variables for

initializing, updating, or statistics reporting.
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The capability to initialize SLAMII global variables
facilitates construction and clarity of the model since
variable names can be equivalenced to mnemonic labels. More
importantly, the ability to update variables provides the
capability to modify the model without altering the network
structure or recompiling the SLAM network file. In fact,
changes to global variables throughout the simulation allow
tailoring of input streams to match a given arrival profile
or to simulate different mail volumes each day.

SLAM's statistic summary reports provide comprehensive
information on machine throughput, mail waiting times, times
of arrival, and times in system. Certain information in the
summary reports, resource utilizations for example, may not
provide the detail needed. The discrete event capability
allows access to the SLAM statistical functions such as the
average resource utilizations, RRAVG(I), and periods of
availability, RRPRD(I). The variable arrays RNUSE(I) and
RAVAIL(I), the current resource utilization and availability
of resource I, can also be read from user-written
subroutines. Periodic access to this information permits
computation of detailed resource utilization profiles.

Complete listings of the computer codes MAIL.FOR and




POST.DAT, as well as the three input data files, are

included in Appendix A.

40
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Chapter 4. Experimental Design

The application of simulation for analysis of
processing systems frequently involves the comparison of the
present method of operation (PMO) versus various proposed
future methods of operation (FMO). The approach here is
quite similar, but the baseline is a potential future
operation of interest that assesses the adequacy of a
proposed equipment schedule. This baseline model provides
the capability for comparison of several "what if" scenarios

(FMO).

4.1 Baseline

The baseline scenario is the proposed 1990 GMF-A
processing configuration with implemented automation
including carrier route sequencing BCSs (ELSAG, 1986). As
previously discussed, this layout differs from current GMF
sorting by employing FCEs for enriching the stamped local
collection mail, RVES to bar-code non-OCR readable letters,
and improved BCSs (BCS2) for the walk order sequencing
scheme. Estimates for the daily input mail stream volumes

and profiles are based on actual volumes and recent trends

for the GMF-A. Nominal input mail stream volumes are shown
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in Table 1 with the corresponding daily arrival profiles
illustrated in Figure 9. A total of 3707 kp of letter mail
is forecast to be processed in this system (an additional
448 kp of local destinating presort mail will also pass
through the GMF-A in 1990, but is sufficiently sorted by the
mailer and does not require processing).

Table 2 provides details of the six resource types
required. The baseline model examines whether the mail can
be processed to meet the fixed sequencing and dispatch
deadlines for given input volumes, arrival profiles,
probabilistic branching, and specified resource scheduling
and processing rates. Since the resource schedule is
predetermined, the acquisition costs, maintenance costs,
operator requirements, and floorspace issues can be
addressed a priori.

The sequencing BCS operation is not explicitly
modelled in the simulation but is based on a two pass sort
sequence involving N.g carrier groups. The choice of N is
made by preliminary presimulation calculations to yield a
starting value, followed by one or more iterations using a
separate simulation process (deSilva et al, to appear 1990).
Based on this study, with a choice of ch-36, for the

assumed mail volume at GMF-A, the proposed sequencing BCS2s




Table 1:

Stream Stream
Number ID

*

1 {001}
2 {015}
3 {016)
4 {012)
5 {013)
6 {053)
7 {054)
8 {055}
9 {056)
10 {057)
11 {058)
12 {063)
13 {154)
14 {002)
15 {004)
16 {005)
17 {006)
18 {010)
19 {009)
20 {075}

see Figure 9 for daily cumulative arrival profiles

Description

Local Collection Stamped
Collection Metered
Collection Metered ZIP+4
Presort Bundles

Non-pref Presort Bundles
Managed Incomplete #1l
Managed Incomplete #2
Incoming 3-D Mech

Non-pref Incoming 3-D Mech
Incoming 3-D Mech ZIP+4
Non-pref 3-D Mech ZIP+4
Managed Bar-coded

Managed Mech RVES

Local Collection Manual
Managed Manual

Presort 3-D Manual

Presort 3-D Manual Non-pref
Presort 5-D Manual

Presort 5-D Manual Non-pref
Managed Mech MPLSM

Daily
Volume

(kp)

800
692
52
287
163
489
29
19
319
2
28
101
475
56
83
1
20
15
9
67

Arriving Stream Volumes and Descriptions
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Figure 9. GMF-A Arrival Stream Profiles




Type of
Resource

FCE
MLOCR
BCS1
RVES
MPLSM

Manual

Table 2:

Number of Acquisition
Cost (SK)

Operators
2
2
2
18

17

400
650
175
700

400

40

65

17.5

70

40

Annual
Maint.
Cost($K)

Processing Resource Parameters.

Daily

Maint.

Hours

4

4

45

Required
Floorspace*
(Sq ft)
1995
3349
2993
3848

3420

* Floorspace requirements include operating, staging, handling,
and aisle space.
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require two additional 16-bin modules and increased memory
compared with standard 96-bin BCSs. Obtaining the machine
parameters for achieving the finer levels of sortation is
not straightforward. The minimum number of sequencing BCSs

(N,) can be obtained from:

Nop = N/ (W Rgeo)

where N, the daily number of letters to be
sequenced (roughly 1,600,000)
W the processing window for sequencing
(hours)

Rges nominal BCS processing rate (27,000
letters/hour)

The minimum number of bins per machine (N,) is a function of
the total number of delivery points (Ny), the number of

carrier groups (N and the number of sequencing passes

g
(p), as described by the relation
N, = (Ng / N)'/P

For GMF-A, Ny is estimated at 480,000 delivery points per
day in 1990.

At this point, some parametric dimensioning is
required since W, Ncg, and p must be selected. We follow a
previous study (ELSAG, 1986) in selecting W = 5 hours, Neg

= 36, and p = 2. Hence, the minimum number of BCSs would be
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12 and the minimum number of bins per machine would be 116.
This scenario is further complicated, since each machine
must perform multiple sort schemes. This necessitates
additional machines to compensate for the sweeping time when
changing sort schemes. Additionally, since bins are
available in 16-bin modules, each BCS would have 128 bins.

For the baseline operation at GMF-A, the proposed

sequencing operation is based on:

Number of passes (p) 2
Total number of BCSs (N) 18
Number of carrier groups (N.g) 36
Number of bins per machine 128
Sort schemes per BCS 2
Total sort time 3 hr 10 min
Total sequencing window 5 hr

These parameters are used to set the critical entry time for
the sequencing operation window. The simulation objective
is to test whether letter mail meets this deadline for the
given inputs and resource schedules.

Table 3 shows more detailed information on the
processing at each of the sort stations (i.e. the nodes in
Figure 6). The operating window durations are limited by
processing deadlines or block maintenance time requirements.
Processing rates can be simply constant (as for the FCE and
OCR) or may vary with the type of mail being processed. The

MPLSMs, for example, process each input stream at a




Table 3:
Processing
Block Description
Bl FCE for collection
B2 Collection MLOCRs
B3 Outgoing BCS Secondary
B4 Collection RVES
BS Turnaround BCS
B5A Firms/ADC Secondary EBCS
B6A Manual Bundle Sort
B6 Incoming MLOCRs
B7 Incoming RVES
B8 Firms Sort BCS
B9 Primary Manual
B10O Secondary Manual
B13 Primary MPLSM
Bl4 Secondary MPLSM

2

Processing
Rate
(letters/hr)

21,000
27,500
28,000

13,440-54,880°
28,000
28,000
12,500
27,500

13,440-33,600'
28,000
895
895
28,080-32,7002
27,800

Processing Station Equipment Operation

48

Available
Operating
Window
0700 - 2400
0700 - 2400
1100 - 2400
0730 - 2400
1100 - 2400
1100 - 0530
0700 - 2400
0700 - 2400
0700 - 2400
1100 - 0630
0700 - 2400
0700 - 0530
1500 - 0530
1500 - 0630

Processing rate for the RVES depends on the mail type of
entity being processed.

Rate for the MPLSM depends on incoming mail stream type.

the
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differing rate. The RVES processing rate is dependent on
the actualletter being sorted (effectively rate dependence
on the output stream).

The first step in the experiment was to construct and
execute the network model and perform verification tests.
Since the mail volumes are fixed and the probabilistic
branching proportions known, an estimate of the mail volume
through each station is possible and provides a verification
check for the baseline model flows. Equipment scheduling
based on pre-simulation calculations was then tested. The
key indicators in evaluating the adequacy of the resource
schedule are entity times of completion and the number of
entities remaining in the system to be précessed the next
day. Detailed resource utilization statistics were
periodically collected to iteratively reschedule resources
in order to achieve a feasible solution for the baseline

model.

4.2 "What 1if?" Scenarios
The baseline model described above provides a vehicle
for exploring several important postal processing issues.

Three fundamental areas of interest were examined; (1)

overall daily mail volume growth; (2) a secular trend to
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increasingly automated mail; and, (3) the impact of between-
station transfer times. The key statistics for comparison
with the baseline are entity times in system, completion
times, and the number of entities remaining in the system
for more than one day.
Evaluating the system's sensitivity, to either
increasing volume or more automated mail, addresses
strategic planning issues for equipment selection and
scheduling decisions. Our first scenarios examine the
impact of overall daily mail volume increases of five
percent (to 3892 kp) and 10 percent (to 4078 kp). On the
otherhand, increasing percentages of OCR-readable and bar-
coded mail by 10 to 20 percent reflect trends which must be
anticipated by the postal manager if the USPS is to reach
its goal of automating all letter mail. Our second set of
scenarios increase the percent automated mail in these areas
by:
(L) Increasing the probabilistic branching of local
collection stamped enriched mail from the FCE by
10 and 20 percent; and

(2) Increasing the percent of managed mail which
enters the GMF completely bar-coded by 10 and 20
percent.

Another investigation, this of various between-station

delay times, emphasizes simulation's capacity to model
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realistic processing systems, including material handling
delays. In the baseline, batch mail is modelled to be
representative of the transport of mail in carts. The
delays attributable to mail cart movement are simulated as
uniformly distributed 10 to 15 minute delay times between
stations. This last scenario examines the impact of
neglecting transfer delay times, or of modelling these
delays as exponentially distributed with mean 15 minutes
(and, of course, greater variance than the uniform case).
These scenarios are not an examination of observed transfer
times, but an evaluation of the system's sensitivity to mail

handling delays.
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Chapter 5. Simulation Results

One of the important outcomes of simulating complex
operations is the insight gained in the effort of
constructing the model. Another is the ability to perturb
the model and examine the impact of transient or steady
changes on a system which one could ill afford to actually
disturb. Postal GMFs fit the above criteria eminently. In
the following presentation of simulation results,
presimulation estimates are first used to verify the network
structure of the model. A successful resource schedule for
the baseline model is achieved by successive iteration.

Results from "what if" scenarios are summarized in 5.2.

5.1 Baseline Model Results

Presimulation analysis was employed to determine the
expected mail flow through each processing station for
comparison with observed values from the model. By giving
the sorting processes unlimited resources (infinite
processing rates) and neglecting mail batching and delays,
the daily mail throughput can be efficiently simulated for

verification of the overall network structure. For the

nominal stream volumes (Table 1) and specified arrival
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profiles (Figure 9), a daily total of 3707 kp (entities) are
input for the simulation. The total throughput volumes for
each processing station for three daily simulation runs are
compared with the deterministic presimulation estimates in
Table 4. A comparison of output letter volumes by
destinating category is provided as Table 5. As these
results demonstrate, the use of probabilistic branching in
the network system incorporates a randomness which would be
observed in practice.

Presimulation estimates of the resource requirements
are more troublesome. Table 3 prescribes the bounds for the
possible operating windows for each of the processing
stations in the model. The operating windows are limited
by: (1) the sequencing deadline; (2) dispatch deadlines on
outgoing mail; and (3) daily routine maintenance
requirements. Given the total process volume and the
operating window for an equipment station, a lower bound
resource requirement can be computed as throughput volume
divided by the product of the processing rate times the
operating time. Such a value, however, may be infeasible
for the system because of the implicit assumption of
constant and deterministic rate of mail arrival at each

station. Moreover, it may be desirable for the same
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Table 4: Simulation Throughput Results

--------- Throughput Volumes (kp)----------

Processing Presimulation
Block Day 1 Day 2 Day 3 Estimate
Bl FCE 800 800 800 800
B2  MLOCR 1182 1176 1178 1176
B3  BCS 327 336 318 336
B4  RVES 630 670 649 654
B5 BCS 310 297 307 308
B5A BCS 97 88 95 100
B6A Bundles 450 450 450 450
B6  MLOCR 1349 1346 1351 1350
B7 RVES 831 851 841 848
B8 BCS 192 192 196 192
B9 Prim.Manual 231 235 225 229
B10 Sec. Manual 131 127 126 134
B13 Prim.MPLSM 210 231 214 215
Bl4 Sec. MPLSM 170 160 136 160

SEQ First Pass 1599 1569 1576 1559




Table 5:

Output Mail

Category Day 1
Outgoing Dispatch 1187
Dispatch to ADCs 44
Rural Routes 376
5D Firms Dispatch 79
Firms Pickup/Boxes 175

Firms in Carrier Route 7
Sorted Carrier Route 277
Sequenced Mail 1562

Daily Output Volumes (kp)

35

Simulation Destinating Volumes Result

Presimulation
Day 2 Day 3 Estimate
1205 1185 1185
50 41 48
355 412 383
83 96 86
209 186 208
11 8 12
255 233 265
1539 1546 1520
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resources to be shared by several processes and scheduling
of machine reallocations is required.

An investigation of equipment scheduling for two
resource types is provided here for comparison. As shown in
Table 4, the two MLOCR stations (B2 and B6 as shown in
Figure 4) process a nominal daily volume of 2526 kp of
letter mail daily. From Table 3, the operating windows for
the two stations are similar, so a lower bound value for the
number of OCRs required is:

2526 kp daily mail

= 5.567 OCRs

kp/hour
27.5 ——— ¢+ 16.5 hours

machine

However, this estimate assumes that the machines do not
suffer starvation and that fractions of machine hours can be
reallocated without penalty. Even if these conditions were
met, since the simulation processing volume is not
deterministic, this presimulation estimate could only be
approximate.

Another problem is the difficulty in determining the
arrival profile (entities versus time) for the processing
stations. For example, the FCE station is required to

process a total of 800 kp of mail over a maximum conceivable
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operating window of 17 hours. Given that the net processing
rate of the FCE is approximated by 10.5 minutes per kp, then
only 2.24 machines may be required. However, the simulation
results will show that three FCEs are not adequate. The
reasons involve the sequencing deadline and the arrival
profile of collection stamped mail (see Figure 9). Entities
processed by the FCE proceed through the system on a variety
of paths depending on their attributes and the probabilistic
branching. Some of these entities must be processed by
several machines before reaching the sequencing BCSs.
Therefore, some mail processed during the last part of the
FCE operating window will not meet the critical entry time
for sequencing.

Moreover, the local collection stamped arrival profile
shows that over 77 percent of the total daily volume arrives
at the FCE after the first seven operating hours.

Therefore, 77.3 percent of the total daily volume must be
processed after the seventh hour but before the last few
periods before the sequencing deadline. If the processing
window is effectively limited to 618 kp (77.3 percent of 800
kp) in the period from 1400 to 2200 hours, 3.681 FCEs are
needed. The simulation results show that four FCEs are

adequate to cover the nominal daily processing requirements.
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This type of reasoning becomes more difficult
downstream from the mail entry points as the arrival
profiles are no longer exogenous and predictable. It is
quite evident that resource scheduling at one station is
dependent on the resource schedules at other processing
stations. Achieving a feasible schedule for the baseline
model was an iterative process of adjusting the resource
schedule, executing the model, and examining the results.
The adequacy of the schedule is determined from statistics
on entities not completed processing or missing the
deadlines. Detailed resource utilization and queue length
statistics provide indications of possible directions for
improvement.

Results for one type of resource are shown here as an
example. For a particular unsuccessful schedule, over three
successive days of the simulation many entities remained in
queue for processing at the incoming MLOCRs. Detailed
resource utilizations for one day, obtained from the event
subroutine output, are plotted in Figures 10 and 11. As
these figures show, the incoming OCRs are fully utilized
before the sequencing window deadline (at 2400 hours). The

collection MLOCRs, however, are not fully utilized and may

be reallocated for incoming mail processing.
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Several iterations resulted in the baseline resource
schedule result shown in Figure 12. 1In this schedule, for
each of 14 consecutive days, an average of about 23.3 kp of
mail remains in the system beyond the day it entered. Of
the total daily volume processed, about 0.6 percent remains
in the system to be processed the following day. The total
resources shown in Figure 12 may not be the absolute minimum
required equipment schedule for the process, but as the
overall utilizations in Table 6 indicate, the resources are
heavily utilized.

It bears noting at this point, that achieving this
feasible schedule by iterative simulation is a fairly
difficult process unless one has experienée with the
processing system or is provided a good starting point.
Obtaining this feasible resource schedule, of course, is not
the main objective of the simulation model (the MILP models
are aimed at providing a good starting schedule). The
purpose of GMF simulation is to provide a testbed for
experimentation and for gaining insight into the system's
behavior.

Given a feasible resource schedule may be implemented,
many other simulation statistics are available to assist the

postal manager in planning and operations. For example,
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7pm 9 11 1 3 5 7

MANUAL ¢4

7am 9 11 1 3 5 7m 9 1N 1 3 5 7
NUMBER OF MACHINES VERSUS TIME OF DAY

Figure 12. Feasible Resource Schedule Result
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Table 6: Overall Resource Utilizations Result

Total
Resource Scheduled Utilized Percent Processed

Type Machine-Hrs Machine-Hrs Utilization (kp)
FCE 44,0 38.1 86.6 800
MLOCR 97.0 91.8 94.6 2524
BCS 48.0 33.4 69.6 935
RVES 84.0 81.2 96.7 1489
MPLSM 18.0 12.9 < 71.7 380

Manual 450.0 436.0 96.9 809
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maximum queue lengths at each station may be used for sizing
inventory floorspace requirements. For the baseline model,
the specific maximum queue length each day was about 415 kp
at the incoming MLOCRs. Mail waiting times in the queues
and entity times in system provide insight into the
processing system and may simply be used to validate the
simulation against historical data. On the otherhand,
simulation may provide interesting statistics which would be
difficult to measure in the actual operating environment.
For example, the average letter in the model required 350
minutes in the system to reach sequencing or dispatch.

Detailed histograms of arrival profiles by mail type
are possible for virtuall:;, any station in the model. The
simulation model provides an abstraction of the real system;
a representation which can be experimented with simply by
altering parameters or the order of activities. Detailed
statistics can be gleaned from any event or process of

interest.

5.2 Sensitivity to Increasing Volume
The degree of sensitivity of the processing system to
increased daily mail volume can be surmized from the results

in Table 6. The MLOCRs, RVES, and manual staticas are being
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heavily utilized and are likely to be bottlenecks in the
system for even modest increases in flow. Figure 13 shows
the mail volume (kp) remaining overnight in the system for
the 14 simulated consecutive days at the baseline volume, a
five percent increase, and a ten percent increase in mail
volume. A similar trend for the mean times in system
results is shown in Figure 1l4.

At an increased daily volume of five percent, the
system quickly becomes unable to handle the flow. By the
eleventh day at five percent increased volume, about 19
percent of the daily letter mail is waiting overnight for
processing the next day and the mean time in system has
increased by more than 60 percent. The resource statistics
for this scenario ar» shown in Table 7. The MLOCRs and
RVES, which are scheduled over their entire possible
operating windows, are 100 percent utilized. Reallocation
cannot be used fix this problem. The only feasible
alternative is the acquisition of additional resources.

The nominal volumes for the arrival streams are not a
worst case scenario. Increases of five and ten percent
volume are probably modest compared with holiday mail
volumes experienced by the USPS. With the simulation model,

the daily stream volumes can be selected from probability
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Resource
Type

FCE
MLOCR
BCS
RVES
MPLSM

Manual

Table 7: Resource Utilization Affected by
Increased Mail Volumes
Scheduled Utilized Percent
Machine-Hrs Machine-Hrs Utilization
44.0 39.9 90.6
97.0 96.3 99.3
48.0 33.1 69.0
84.0 84.0 100.0
18.0 14.1 78.3
450.0 432.0 96.0

Total

68

Processed

(kp)
837
2652
926
1572
415

822
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distributions, permitting daily variations as well as weekly
or seasonal patterns. For an example of daily variation, if
the nominal daily volume (3707 kp) is 10 above the mean of a
normal distribution, the total daily volume would exceed
3707 kp about once per week. The simulation of such arrival
processes can assist postal managers in preparing for
resource acquisitions and planning the implementation of the

additional equipment, especially during rush periods.

5.3 Increasing Automated Mail

Suppose that instead of increasing the total volume,
the percent of the daily nominal volume which is automated
(able to be processed by MLOCRs and BCSs).is increased,
This scenario is representative of a secular trend toward
increasingly automated letter mail as the USPS seeks to
achieve 100 percent letter mail automation. Such a trend
would follow from improved MLOCR capabiiities at originating
GMFs and improved address field quality. For this scenario,
the probabilistic branching proportion of FCE processed mail
which is sent to the collection MLOCRs is increased. The
percent of input managed mail which is completely bar-coded
is also increased while MMP mechanized and manual mail

stream volumes are decreased.
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As a result, the volumes of mail left in system
overnight during the 14 consecutive simulated days are
compared with the baseline in Figure 15. As with overall
mail volume increases, the system quickly becomes unable to
handle the modest changes in these input parameters. At 10
percent increased automated mail, by day 14 over 15 percent
of the daily mail is held overnight. Although the trends in
Figure 15 are quite similar to the results in Figure 13, the
bottlenecks in the flow have changed. 1In this case, of the
cumulative total of 4872 kp held in system overnight, 84
percent was left in the incoming MLOCR queue.

As the percent automated increases by 20%, the system
backs up much more quickly. Almost 25 percent of the daily
mail volume is held over in system by day four. In this
case, the outgoing MLOCR queues also begin to grow. Of the
2431 kp held overnight in this simulation, 33 percent was
left at the outgoing MLOCRs and 57 percent remained in the
incoming MLOCR queues. More MLOCRs would be required to

offset these increases in automated mail and then additional

BCSs will also be required.
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5.4 Between-Station Transfer Times

Given the objective of determining whether letter mail
meets the sequencing and dispatch times, handling delay
times are important. The between-station transfer time
distribution installed in the baseline model (uniform 10 to
15 minute delays) is a discretionary estimate. By changing
this transfer time parameter in the simulation model, some
interesting system complexities are revealed.

Table 8 provides mean time in system (TIS) and the
number of remaining entities resulting from the baseline
model with uniformly distributed transfer delays from 10 to
15 minutes. These results are compared to exponentially
distributed delay times with a mean of 15>minutes, and to
the system modelled without any transfer delays between
stations. The data for mean time in system do not include
the processing times for the entities which do not complete
processing. The trend in the mean time in system is as one
would expect. As the mean delay time increases, the mean
time in system increases.

What is seemingly paradoxical is that as the mean
transfer delay time (and variance) are reduced to zero, more
mail remains overnight than in the baseline model, even

though the mean time in the system has been reduced. This
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Table 8: Effect of Transfer Time Changes
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Uniform(10,15) No Delays Exponential(15)
Queue Mean Queue Mean Queue Mean
Vol! TIS2 Vol TIS Vol TIS
(kp)  (min) (kp)  (min) (kp)  (min)
13 340.1 54 325.5 8 338.2
27 356.2 59 352.2 25 350.3
19 350.0 35 353.7 21 356.9
32 357.9 48 340.6 47 363.2
21 347.2 36 342.5 29 354.8
31 344.1 46 337.5 36 348.6
24 344.7 14 341.2 30 339.8
13 345.3 11 330.9 46 352.8
26 341.9 13 327.7 41 363.4
38 349.6 19 324.3 37 361.4
9 347 .4 12 327.8 34 355.6
20 349.7 23 327.8 52 359.6
22 350.9 15 328.0 87 365.6
31 360.2 36 338.4 16 366.7
23.3 348.9 30.1 335.6 36.4 355.5

Variance 63.2 32.4 265.6 86.6 337.2 73.6

The mail volume remaining in the system queues and

held over until the next day to complete processing.

Mean time in system for all entities completed
processing during that day.
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is because the processing resources were first scheduled by
iterative simulations of the baseline model which included
uniformly distributed delays with mean 12.5 minutes. By
reducing the delay times, in this case, letters which can be
processed quickly by the RVES now arrive at the incoming
RVES queue behind interposing mail which requires a longer
processing time. The equipment schedule must now be altered
if benefit is to be gained from the reduced delay times;
the moral being that material handling issues, even
relatively innocuous ones, can and should be examined as

part of the processing system, and not independently.




Chapter 6. MILP Modelling

While simulation provides for detailed modelling of
the GMF-A letter mail processing system and the evaluation
of various scenarios, the GMF-A simulation cannot in itself
select optimal automation strategies with regard to some
objective function. By iterative simulation modelling, a
feasible resource selection and schedule may be found, but
this process is tedious and the solution may be a poor one
compared with alternative solutions. While simulation can
be employec. to ensure that a chosen system configuration and
schedule is practical or even feasible, a mathematical
programming model and solution method is required to provide
the most efficient strategy.

As a fundamental objective, one would like to be able
to select equipment numbers and schedules which would
minimize acquisition and operating costs over some
appropriate time period while still meeting the imposed
processing deadlines. Providing that the automated letter
mail system can be represented as a set of linear
constraints, a mixed integer linear programming (MILP)

approach is necessitated (as opposed to a linear programming

75
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model) by the obvious constraint that the number of machines
must be integer. In this section, the general approach to
casting the GMF-A processing system as a multistage network
is followed by a discussion of the major constraint
equations and the objective function cost factors in forming

the MILP model.

6.1 Multistage Network Model

Determining the optimal number of machines to install
in an automated GMF represents a challenging problem with
long range economic and operational consequences.
Accounting for relevant cost factors, floorspace
limitations, labor requirements, maintenance schedules,
complex mail flow with output stream branching, and the
processing rate dependence on the many mail types requires a
rigorous MILP model formulation. From a network view, the
GMF activities are represented by a set of inventory,
processing, and destinating nodes. To represent the
operations over a 24-hour period, inventories must be
conserved from one period to the next. Mail is either
processed and passed to a downstream node or remains in

inventory until the next period.
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The MILP model presented here represents the system
over one day as a set of 30-minute periods or stages.
During a single period, a piece of mail is processed on no
more than one machine. All mail arriving to the system or
to a processing station, arrives at the beginning of a
period. Each processing station (for GMF-A there are 14
stations) is modelled by an inventory node and a processing
node as shown in Figure 16. In this figure. the dashed
arrows indicate transfers from period to period and can be
thought of as connecting the 48 stages. Solid arrows
represent processing transfers which occur within the
period.

Figure 16 is representative of the basic elements
employed in the formulation of the MILP. Input mail to a
processing station at period t includes all relevant mail
that the preceding stations processed during t-1, plus mail
remaining in inventory after t-1 (for the moment, exogenous
arrival streams are not considered). Input mail is either
processed (transferred to the processing node) or remains in
inventory for the next period (t+l). Processed mail is
transferred to the next station's inventory node, or to a
destinating node if the mail is finalized, arriving at

period t+l.




78

INPUT MAIL
STREAMS

INVENTORY NODE

BEGINNING ENDING
INVENTORY INVENTORY
semsancannsassuns snssssssssees -
PROCESSING
PROCESSING NODE
STATION AT
PERIOD t
OUTPUT MAIL
STREAMS

Figure 16. MILP Processing Station Model




79

The MILP model is deterministic. The branching
proportions for processed output are fixed at the assumed
values (based on data for actual and estimated GMF-A system
behavior). In the simulation model output stream branching
fractions are the elements of a stochastic matrix, whereas
for the MILP these proportions are fixed coefficients in
constraint equations. Likewise, mail arriving at the GMF is
inserted as a deterministic volume at each 30 minute period
in the MILP model in order to approximate the arrival
profiles shown in Figure 9. Between-station delays are not
probabilistically modelled since the MILP has no variable
activity durations per se. Mail processed at period t is
simply available at the next station at period t+l.

It is evident by intuitive reasoning that when the
stations are operating at capacity, the multistage MILP
approach incorporates an average delay of about 15 minutes.
The mail processed immediately at the start of period t will
arrive at the following station at the beginning of period
t+l, effectively delayed 30-minutes between stations. On
the otherhand, a letter processed at the end of period t has
virtually no delay. When stations are operating below

capacity, the average transfer times are effectively longer.
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processing station portraved by Figure 16

simultaneously handles several streams. The input volume is

comprised of separate mail types, possibly from several

different preceding stations, and may include some arriving

mail to the GMF.

In order to introduce the modelling

notation and level of complexity, the total input mail

volume arriving at inventory node n at period t is written

2
1€In

where L,

ai(t)

T (%, (t)) + (a;(t)|i€A)
keL,

n

the set of processing nodes immediately
preceding n in processing of stream i

a particular node preceding n

the set of input streams processed at n

a particular input stream

the time period

the mail volume of stream i from preceding
processing node k arriving at period t

the set of exogenous arriving mail streams
which are initially entering the GMF
volume of arrival stream i1 during period

t.
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The expression (a;(t)|i€A) is the volume of arrival stream i
during t, given i is an element of the set A.

The inventory volume for each mail stream must be
conserved separately and each processed stream at a station
is separated into several output streams. Therefore, the
number of constraints required to enforce conservation of
flow at a single inventory node n for 24-hours is product of
the number of input mail streams (In) and the number of 30-
minute periods (T,) in the operating window at processing
station n. The number of conservation constraints needed

for all inventory nodes in the model will be

N
z (I, « T
n=1
A similar structure is applied for conservation of flow at

the processing nodes and is employed in the model

formulations described in Chapter 7.

6.2 System of Constraints
The underlying framework for modelling the GMF-A

letter mail processing system consists of:




Y]

(2)

(3)

(4)

(3)
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ensuring mail volume conservation (by stream) at
the inventory and processing nodes which
comprise the processing stations;
fully describing the input mail flow to the GMF
according to the defined arrival profiles
(Figure 9);
imposing machine availability and processing
rate constraints on the volume processed at each
station each period;
constraining all mail to complete processing in
time to meet the critical sequencing window or
outgoing dispatch times; and,
accurately quantifying floorspace requirements
and separate cost factors in order to formulate
the objective function to minimize costs over

some planned operating period.

The following chapter provides a detailed presentation

of the system of variables and constraints used to fc .ulate

a MILP model for optimizing the automated equipment "sizing"

problem (the number of machines which must be procured) and

the optimal scheduling of these resources. The objective is

to minimize the acquisition, maintenance, additional
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floorspace, and operator (labor) costs while still meeting
the sequencing and dispatch deadlines for sorting
completion. Additional formulations, extensions to this

MILP model, are presented in Chapter 9.




Chapter 7. GMF MILP Model Formulation

The system of linear constraints for composing the GMF
MILP formulations is described in this section. In some
cases alternative approaches are included in this
presentation. Not only do these alternative considerations
assist in the understanding of the system being modelled,
but may be superior for extending the model as discussed in
Chapter 9. As pointed out in the following presentation,
the selection of constraints for the final MILP was
sometimes a matter of correctness. In other cases, the
preferred constraints were a compromise to make the model

more tractable.

7.1 General Conservation Constraints
Consider the conservation of mail volume at the

inventory node n of a general processing station embedded in
the system (Figure 17). As noted earlier, node n may be
processing several different types of mail such that the
input volume at period t may be of various mail streams (i).
For that matter, each stream may have contributions from
several nodes preceding n (preceding node k is an element of

the set of nodes Lh which precede n). Let vi(t) represent

84
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the inventory volume of stream i at the beginning of period
t and s;(t) denote the volume processed during t. The
conservation of mail stream i at node n at period t can be

expressed

z Xik(t) + vi(t) - si(t) + v;(t+l), where i€l (1)
kel

n

In fact, if we denote the set of possible operating periods
for station n to be T,, the set of conservation constraints
for the N inventory nodes in the system can be represented

by

o oxu () + vi(t) = si(r) + vi(t+l), n=1,...,N(2)
kel all i€l
all 1€T,

Each output stream, designated x,(t+l) in Figure 17,
must be some fraction of si(c). Here xth+l) is the volume
of output stream o processed at n during period t and
transferred to a following node p at period t+l. That is,
xw$t+l) is the output stream from station n at stage t and
the input stream to station p at t+l. The output volume
depends on the machine processing rate at n, the separation

fraction (branching proportion), and the number of machines
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employed at n during t. Let r;, denote the processing rate
at n for stream i (the rate may depend on the type of mail
being processed). Let f; = represent the proportion of
stream i converted to output stream o at station n. The
conservation constraints at the processing nodes can be

expressed by Eq. 3.

X, (t+l) = y (€)% [£, °r;s;(8)], n=l,...,N (3)
ieI all 0€0,
all teTn

Where yn(t) is the number of machines available at station n
during period t.

While this equation imposes resource availability and
processing rate bounds on the output mailiflow, it is
unfortunately nonlinear. The constraints can be linearized
by introducing the following transformation and an
intermediate variable. Let w;(t) represent the number of
machines at node n devoted to processing a particular stream
i during t, such that Eq. 3 can be expressed as a set of
conservation, processing rate, and resource availability
constraints. The conservation at processing nodes is then

Rop(t+l) = T (£, ¢ s;(t)], n=1,... N (3.1)

ieIn all 0€0,
all teT,
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with separate processing rate constraints
Xa(t¥l) < = [f;, ° £ wi(®)], n=l,...,N (3.2)
ieI, all o€Q,
all teT
n
and processing availability constraints
Yo (0 > b wi(t), n=1,...,N (3.3)

ie I, all teT,

Since y,(t) will be minimized by the objective function,
this effectively minimizes wi(t) and Eqs. 3.2 and 3.3 can
be inequalities. Eqs. 3.1, 3.2, and 3.3 are linear and can
replace Eq. 3.

However, there is a more subtle problem with this
formulation. While Eqs. 3.2 and 3.3 appear to correctly
model the rate and availability constraints, their effect in
the MILP serves to inaccurately describe the system.

Because the objective function will minimize yn(t) and
therefore w,(t), xaxt+1) is indeed bounded. However, the
solution method will capitalize on the relationship
described by Eq. 3.2. 1In solving the linear program, larger
values of w,(t) will be selected in cases where the product
of £, and r; 1is large, thereby maximizing total output
without preserving the integrity of the relationship between
input and output stream volumes. In result, the sum of

input proportions intended to comprise a particular output
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stream o may not be equal to the volume of stream o. 1In
fact, the initial Eq. 3 introduces the same problem,

A more appropriate replacement for Eq. 3 is the set of
constraints described by Eq. 3.1 and Eq. 3.3 supplemented
with an upper bound constraint on s;(t) of the form of Eq.

4.

s;{(t) £ r;, * w(t), n=1,...,N (4)
To complete the conservation constraints, the
coefficient r; must be defined. The rate at which letters
are processed at a station n may be constant {such as for
the MLOCRs). The processing rate may instead be dependent
on the input stream type of the letter (the case for the
MPLSMs), or may depend on the time to process a particular
type of letter. When the processing rate is dependent on
particular separation types of mail, such as at the RVES
stations, the processing rate is effectively dependent on

the output streams. The coefficient r; can be defined as,

Lin = |Th for constant rate processing
r;, for input stream dependent rate
Z (£, * r,,} for output dependent rate
0€0,
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where r, is the processing rate for output stream o at
station n. The expression in the last condition requires
the limitation that mail will actually branch according to
the fixed proportions, an assumption already stated.

The set of constraints described by Eqs. 2, 3.1, 3.3,
and 4 provides for the conservation of flow at the inventory
and processing nodes, as well as machine availability and
processing rate bounds. These are constraints like those
employed in the GMF-A model formulations. To this point we
have neglected the mail flows arriving to the GMF from
outside the system. The modelling of this exogenous mail is

considered next.

7.2 Arriving Mail Profiles

Two alternative methods for handling the arriving mail
to the system are presented here. The first approach
provides for a separate "receiving area"” inventory, while
the second permits a simpler structure of inserting arriving
mail directly at the inventory nodes of the processing
stations.

Suppose that incoming mails (of all types) are first
received at a separate inventory area on arrival at the GMF.

Consider further, that mail arriving at period t will be
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forwarded to its first processing station either at t+l (at
the earliest) or some time thereafter. Let a;(t) represent
the deterministic volume of stream i arriving at the GMF at
period t. Let di(t) denote the volume of stream i forwarded
to its first processing station at period t. Another set of
inventory nodes is required with associated inventories
ui(t), the volume of arriving stream i in receiving
inventory at the beginning of period t.

Arriving mail profiles can be imposed on the system by

ai(t) + u(t) = di(t*l) + u;(t+l), all ieA (5)
t=1,2,...,T.

1
where A is the set of arrival streams to the GMF and T; is
the latest nonzero volume period in the arrival profile for
i. Eq. 1 must then be amended to include the mail forwarded
from the receiving inventory as shown in Eq. 6.

Z x () + [4;(t)]|ieA] + v (t) =

keL,

si(t) + v;(t+l), n=1,...,N (6)

all iel,
all teTn

Eqs. 5 and 6 provide for enforcing arriving mail

profiles on the incoming mail to the GMF. Additionally,

—
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inventory considerations, both at the receiving area and at
the processing stations, can be modelled using this
approach. The alternative is to insert the arrival volumes
directly at the processing stations. In this case, Eq. 7
replaces Eqs. 5 and 6.

T xu(t) + [a;(t)|i€A] + wvi(t) =
keL

" s;(8) + v (t+l), n=l,...,N %)

all ieIl
all teT,

This second approach is less comprehensive but
eliminates the need for Eq. 5 and the variables d;(t) and
ui(t). If one wished to examine inventory issues (for
example, placing an upper bound on the processing station
inventory), the first approach (Egs. 5 and 6) should be
employed. In the absence of appropriate inventory storage
requirements and facility limitations for GMF-A, including
Eqs. 5 and 6 in our model could have only been

demonstrative.

7.3 Sequencing Operations
As discussed in the presentation of the simulation
model, the parameters for the sequencing process depend on

the number of carrier groups, delivery points, sequencing
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machines, bins per machine, sequencing passes, and the total
sequencing volume. Because the effectiveness of these
parameters and the sequencing operation itself were
speculative at the time of this modelling effort, parameters
from a separate study (deSilva, 1990) are used to set the
sequencing window for the MILP model.

Sequencing proceeds based on the two-pass scheme
described in Section 4. Each sequencing pass for each set
of carrier groups requires about two hours. It is assumed
that if at least half of the total sequencing volume arrives
at the sequencing station, sequencing of the first set of
carrier groups can start prior to the deadline period (Ty).
All mail to be sequenced must arrive prior to period T,.

The more geographically distant carrier groups are sequenced
first starting at Ty-3 for the first pass and T+l for the
second pass. The set of carrier groups nearer the GMF is
sequenced from T +5 through T +12.

If we assume that the total sequencing volumes (X4)
for the two sets of carrier groups are equivalent, X  can be
determined by

1 T4-1

- L E T ox(t) = X (8)
2 t=1 ieI, kel

where n is the node representing the sequencing block(n=15).
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Ensuring that at least half the mail arrives prior to
T4-3 in order to start sequencing the first pass is
accomplished by Eq. 9 which also limits the volume of new

arrivals during the first pass sequencing periods.

1
p> T ox,(t) € — X, t=T4-3, Ty-2, Tyl (9)

)
1€In keLn 3

According to Eq. 9, the greatest arriving volume possible in
the last three periods prior to Ty will be one third of X,
or a sixth of the total mail to be sequenced. Therefore, at
least one half of the total sequencing volume must arrive
before Ty-3. It is reasonable to expect that Eq. 9 will not
usually be a tight constraint in the optiﬁal solution since
the objective function is intended to level resource
requirements over time in order to minimize the number of
machine acquisitions.

The remaining requirement for modelling the sequencing
operations is a set of constraints defining the flow from
first pass to second pass, from second pass to dastinating
nodes, and from sequencing to the MPLSMs which handle the
rejected mail. Let fmr be the reject rate for sequencing
pass p. Then we model the first sequencing pass by

Xon(Ty +1) = (1 - £

) X (10)

p.r/ s
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where output stream o is input to the second pass, and
1

%an((Tg3) +0) = = £+ X

b=1,2,3,4 (11)

s ?

where stream o is the input to the MPLSMs.

Constraints of the form of Eq. 10 and 11 are needed
for each pass to prescribe the flow of successfully
sequenced mail to the next pass, or to destinating nodes,

and rejected mail to the MPLSMs.

7.4 Meeting Dispatch Deadlines

There are two differing approaches to ensuring that
all mail is finalized in time to meet dispatch deadlines.
Critical dispatch times may be enforced by requiring the sum
of all completed mail arriving at the destinating nodes
prior to their deadlines be equal to the total GMF input
volume. On the otherhand, requiring the ending inventory at
each processing station to be zero can enforce the same
condition. Each approach has inherent advantages and
drawbacks for modelling the GMF system,

Considering the former approach, by requiring the
total volume of mail at the destinating nodes, prior to the
appropriate deadlines, to equal the total input volume is

analogous to "pulling" mail through the system. Let D
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represent the set of destinating nodes and Ty(n) be the
deadline period at destinating node n. An intermediate
variable V_  is used to represent the destinating volume at
each neD. Then Eqs. 12 and 13 enforce the dispatch
deadlines.

Ty4(n)
z z z xik(t) = V_ , all neD (12)
t=l keL, i€l

T
T VvV, = T Z ar) (13)
néeD t=1 i€A

The second approach, depleting ending inventories to
zero throughout the system, can be thought of as "pushing"
the mail through processing in order to meet the dispatch
deadlines. A more detailed structure is needed to implement
this approach. Each processing station has a operating
window comprised of the periods in the set T . Let the
first period in T be t_, and the last be ¢t . That is, a

specific operating period for station n is within the sert,

T, = [ty tytl, ..., t-1,c,e41, ...t -1, ¢ ]
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Now if the dispatch deadline at a destinating node n is
T4(n), then all preceding stations sending finalized mail to
n must have a last period of operation of Td(n)-l. That is,
for each destinating node n,
"

p S Ty(n) - 1, all kel (14)

where, at each preceding node k

vi(t,, + 1) = 0, all ieI, (15)

This precedence relationship is carried throughcut the
processing network. For any station k preceding n, t,. must
be less than or equal to tnr-l and Vi(tkf+1) must be zero.
The first approach (Eq. 12 and 13) is far simpler to
implement than this second methodology. However, the
precedence relations established in the "inventory push"
approach facilitate the pruning of equations and variables
because the operating windows at the processing stations
must be well-defined. Also, all of the output streams at t
must be connected (stated in the appropriate equation) at
t+l in the model generation. In a problem of this size and

complexity, the initial formulations may have subtle errors
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where a few output streams are not connected. If this
condition occurs, Eq. 12 would be violated and no feasible
solution found (and the errors difficult to find). With
regard to this type of error, the second approach could be
considered more robust in the sense that a feasible solution

could still be found and the errors more easily detected.

7.5 Objective Function

The objective function seeks to minimize: (1)
equipment acquisition and maintenance costs, (2) machine
operating costs, (3) manual mail processing costs, and (4)
additional floorspace cost. Acquisition and maintenance
cost estimates per machine are shown in Table 2. The
application of these factors in the MILP objective function
requires a set of integer variables.

The processing availability constraint (Eq. 3.3)
provides yn(t), the number of machines required at station n
during period t, a sum of the number of machines processing
the separate streams at n. In order to formulate a more
readily-tractable MILP, the y (t) must be a real-valued
variable (otherwise this large model would also have several
hundred integer-valued variables). However, the number of

machines to be installed must be integer. This can be
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achieved by defining Y , the total integer number of
machines of type m to be installed in the GMF, in the
relation

Y, 2 Z Yo(t),m=1,... M (16)

nENm all tGTn

where N is the set of stations employing machines of type m
and M is the number of types of machines available in the
model. Note that several stations utilize the same type of
machines which, according to this formulation, may be
readily reallocated.

Another approach is to define Y, as the integer number

of machines required at station n and replace Eq. 16 by:

Y, 2 y,(t), n=1,...,N (17)
all teT,

For the GMF-A scenario, M=6 and N=14, so either (16) or (17)
may be used to formulate a reasonable model. While the
former permits virtually unlimited machine reallocationms,
the latter does not permit shared resources between any
stations.

The objective function costs are stated in terms of

1990 ("current") dollars. Therefore acquisition costs are
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simply the 1990 estimated cost per machine, Cu(n), times Y, .
Ongoing maintenance costs are expressed in current dollars
by computing the present value of the annual cost over ten
years at an eight percent discount rate (maintenance and
labor costs are assumed to pace inflation). Therefore, the
present cost of maintenance over the ten year period is the
product of Y , the annual maintenance costs in current
dollars (Cm(n)), and present value multiplier of 6.71
(Newnan, 1988).

The only direct equipment operating costs included in
the GMF model are operator costs. It is recognized that the
differing utility consumption of the automated equipment
versus mechanized machines or manual processing could have
bearing on various equipment selection problems, however
these data were not obtainable. Labor costs for operating
the equipment, as well as for manual sorting operatings are
based on total operator hours (H,) on each machine of type m
derived from Eq. 18.

1

Hy € — +Z £ (P, * y, ()], m=l,....M (18)

2 neé Nm te Tn

Let P, designate the estimated 1990 wage rate for
operators on equipment of type m. The approximate cost of

labor over a ten year period is then the product of H , P,
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the number of working days per year (assumed 315), and the
present value multiplier 6.71, summed over the M machine
types.

Additional floorspace beyond that already available is

costed at a current dollar amount (represented by CPSF).

The floorspace requirements per machine (F,) are stated in
Table 2 and can be directly applied to the Y, to obtain the
total floorspace required to accommodate the processing
equipment. If the variable S designates the additional
floorspace beyond that available, the cost will be CPSF
times S.

Tke objective function can be stated.

N
Minimize Z =% [(C.(n)+6.71 Cm(n))-Yn]+CPSF'S
n=1
M
+Z [( 315¢6.71¢P_}Hm] (19)
m=1
Scaling should be applied to the coefficients in Eq. 19 to
mitigate numerical stability problems. For example, the

total objective functions costs (Z) may be expressed in

units of $10,000.
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7.6 GMF MILP Model Statement
A summary statement of the equipment selection and

scheduling optimization problem modelled is as follows:

Problem Statement: Given the available type of equipment
with known operating characteristics for each processing
station, minimize the total cost of equipping and operating
the GMF letter mail system over a ten-year period with a
nominal daily mail profile and fixed processing flow stream

branching.

Model Formulation:

Minimize Total Costs: Eq. 19

Subject to:

Conservation at Inventory Nodes: Eq. 7
Conservation at Processing Nodes: Eq. 3.1
Processing Rate Limitations: Eq. &
Resource Availability: Eq. 3.3

Sequencing Window: Eqs. 8 and 9
Sequencing Operations: Eqs. 10 and 11
Dispatch Deadlines: Egqs. 14 and 15

Total Resource Acquisitions: Eq. 17

Total Operator Hours: Eq. 18

Additional Floorspace Constraints

where all variables are nonnegative and real
except Y, (n=1,2,...,N) which are nonnegative

and integer-valued
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The example formulation described above inserts the arrival
streams directly at the processing stations and does not
permit equipment sharing between stations. In the following
sections, by GMF-A MILP model, we refer to this formulation
or to the similar cases where machine reallocations are
permitted or receiving area inventory is included. 1In
discussing the tractability of the MILP models in Chapter 8,
this specific class of similar-structured formulations is

being considered.




Chapter 8. Approach to Solution of MILP Models

In the initial formulation stages, the equipment
selection and scheduling model was expected to consist of up
to 10,000 linear constraints and 12,000 variables. Through
the kinds of modelling considerations presented in the
previous chapter, the final GMF-A MILP model was reduced to
under 7,000 constraints and 8,000 variables. It is evident
that some form of model generator program is necessary to
create the input file for the solution of such a large
model. The following sections describe the approach to
solution of the optimization problems formulated in Chapter
7.

A C-language program was written to create a formatted
model file for this specific application and is described in
8.1 and 8.2. This model file is translated to MPS-standard
format as shown in 8.3. A discussion of experience to date
with solving the linear programming (LP) relaxations of the
GMF-A MILP is included in 8.4. The results of the LP
relaxation efforts lend confidance to the validity of the
model formulations and the generation process, but indicate

that the mathematical programming models exhibit degeneracy.

104
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8.1 A Format for Model Generation

From the start, we wished to take advantage of the
widely-used and readily-available programming library of XMP
routines (original release by Marsten, 1981). The XMP
programming library is